Abstract-The process of blood clotting has been studied for centuries. A synopsis of current knowledge pertaining to haemostasis and the blood components, including platelets and fibrin networks which are closely involved in coagulation, are discussed. Special emphasis is placed on tissue factor (TF), calcium and thrombin since these components have been implicated in both the coagulation process and inflammation. Analysis of platelets and fibrin morphology indicate that calcium, tissue factor and thrombin at concentrations used during viscoelastic analysis (with thromboelastography or TEG) bring about alterations in platelet and fibrin network ultrastructure, which is similar to that seen in inflammation. Scanning electron microscopy indicated that, when investigating platelet structure in disease, addition of TF, calcium or thrombin will mask disease-induced alterations associated with platelet activation. Therefore, washed platelets without any additives is preferred for morphological analysis. Furthermore, morphological and viscoelastic analysis confirmed that thrombin activation is the preferred method of fibrin activation when investigating fibrin network ultrastructure.
INTRODUCTION
Coagulation or thrombogenesis is a fundamental part of haemostasis, and the process is well known and biochemically well established. The characteristics of coagulation during pathophysiology is also biochemically well characterised. Particularly, the changes of the coagulation process during inflammation that results in activation of the coagulation cascade, due to tissue factor-mediated thrombin generation, downregulation of physiological anti-coagulant mechanisms and inhibition of fibrinolysis, has been widely studied from a biochemical point of view. Although the biochemical avenues give us great insights into these processes, there are other, albeit neglected, methodologies, including ultrastructural methodologies, e.g. scanning ultramicroscopy, that might give additional as well as complimentary information that might, in addition to confirmatory research, also provide novel insights into the coagulation as well as the processes that govern inflammation. The aim of this review is to evaluate literature concerning coagulation and inflammation and how two diverse techniques, namely, thromboelastography and scanning electron microscopy, can be used in conjunction to determine the interaction between the two mentioned processes. Following the technique described by Gasparyan et al. [1] , a comprehensive search through MEDLINE, EMBASE, Scopus and Web of Science was performed using the following keywords: haemostasis, models of coagulation, platelets, fibrinogen, fibrin, tissue factor, calcium, thrombin, blood clotting and inflammation. Articles published in the last 10 years were given preference, although older articles were also included. Therefore, in the current manuscript, we will discuss the intricate relationship between inflammation and coagulation and demonstrate this intricate relationship using morphology and ultrastructure. Several factors associated with coagulation, including tissue factor (TF), calcium and thrombin also has an effect on inflammation. We review these factors and their function in platelet activation and creating a fibrin net. Figure 1 shows the layout of this manuscript.
SYNOPSIS OF CURRENT KNOWLEDGE Historical Knowledge
The study of blood clotting is not a new concept. Around 400 BC, the father of medicine, Hippocrates, observed that blood congealed as it cooled. He also noted that a small wound would stop bleeding as skin covered the injury area, and, if the skin was removed, the bleeding would resume. Aristotle also confirmed that, when blood was removed from the body and cooled, it resulted in the congealing of blood. He was the first to note that, if fibers were removed from the blood, no clotting would occur [2] . The curiosity concerning blood coagulation did not stop with these two masters. Others followed suit and tried to explain their different observations. It was only in the nineteenth century that the theoretical model of blood coagulation was confirmed with sound experimental proof [2, 3] .
Investigation of platelets only commenced in the nineteenth century upon the first observation by Max Schultze in 1865. He recommended these "normal constituents of blood" as an area of further in-depth study [4] . The Italian pathologist Giulio Bizzozero rose to the challenge. It was only in 1882 that he used microscopy to differentiated platelets from other blood cells. He continued to describe their function in flowing conditions and the connection between platelet adhesion and aggregation with fibrin formation and accumulation [5] . These discoveries were just the beginning. Ever since, researchers have investigated and come to understand the specific roles of fibrin and platelets in haemostasis.
Haemostasis
The defence mechanism of the body against exsanguination has two important parts, namely plateletmediated primary haemostasis and blood coagulation. Upon vessel injury, platelets are responsible for forming a primary haemostatic plug to occlude the injury site [6] . Primary haemostatic plug formation is triggered when platelets adhere to exposed subendothelium of the damaged vascular endothelium. The coagulation cascade is subsequently activated resulting in the production of fibrin. Cross-links between fibrin strands lead to the formation of a network that covers the platelet plug. It seals the injury site and forms the stable, secondary haemostatic plug [7] .
Blood loss can be stemmed within seconds owing to the instantaneous and explosive activation of the haemostatic system. This potent system therefore needs to be carefully regulated to ensure that clot formation is not augmented or propagated, which can result in thrombotic complications. Several anti-coagulant factors are set in place to prevent pathological clotting [7] .
Antithrombotic properties of the healthy endothelial surface prevent clotting in undamaged vessels. Vessel damage exposes TF, which activates the coagulation system, and within seconds, fibrin is produced at the injury site [7] . Rapid activation of the haemostatic system is due to the specific interactions of coagulation factors. The series of reactions where proteolytic cleavage results in the activation of inactive zymogens and cofactors are appropriately referred to as the coagulation cascade. Along with this procoagulant process of fibrin formation, the fibrinolytic system is also triggered to ensure that fibrin deposition is limited to the injury site. In addition, the anti-coagulant system ensures negative feedback to the coagulation cascade to block any further activation of the system [7] .
The intricacy and numerous factors involved have made the explanation of coagulation complex. Researchers have thus tried to simplify the process by using different models to explain the process of coagulation.
Models of Coagulation
In 1964, both Davie and Ratnoff, as well as MacFarlane, proposed the "cascade" or "waterfall" models of coagulation [8, 9] . This was a great improvement on the concept of the coagulation process. In 1994-1996, the possibility of a cell-based model for haemostasis was introduced [10] [11] [12] . It is thought to be a better explanation of haemostasis than the traditional "cascade" or "waterfall" hypothesis since the intrinsic and extrinsic coagulation pathways are linked almost from the beginning of the coagulation process. Coagulation is also thought to be not a continuous process but rather a process that requires consecutive phases [13] .
Three overlapping phases are proposed, namely the initiation phase, followed by the amplification phase and ending with propagation phase. Platelets and thrombin are both intricately involved in the last two phases [13] [14] [15] . In the first phase, the initial phase, the interaction between and factor VII activates factor X. This occurs directly or indirectly through the action of factor IX. Small amounts of prothrombin are transformed to thrombin. However, this concentration of thrombin is insufficient for the completion of fibrin fiber formation [13] [14] [15] .
During the second phase, the amplification phase, the thrombin produced along with calcium form the blood and platelet-derived acidic phospholipids activates factors XI, IX, VIII and V in a positive feedback process. Platelet activation is accelerated by chemotactic attraction of the mentioned factors to the surface of the platelets, amplifying the process [13] [14] [15] .
The last phase, the propagation phase, involves the feedback mechanism that thrombin, platelets and the activated factors exhibit. Large quantities of prothrombin are converted to thrombin to drive the formation of fibrin. This final process, which occurs mainly on the surface of platelets, results in the explosive generation of large quantities of thrombin and fibrin [13] [14] [15] . Calcium acts as an allosteric effector to induce activation of factor XIII, which facilitates the cross-linking of the formed fibrin fibers to form a network [16] . Factor XIII is found in the plasma, but it can also be stored in platelets as well as monocytes and macrophages [17] . The generation of factor XIII is orchestrated in such a way that the foregoing thrombin-mediated activation of fibrin and subsequent cross-linking will only proceed effectively after fibrinopeptide A is removed to form fibrinogen, thus initiating the clotting process [18] .
The importance of cellular control during coagulation and the process of haemostasis in vivo are better explained in this manner. This model also assists in understanding the pathophysiological mechanisms involved in certain coagulation disorders [19] . A model is a method by which a complicated system is conceptualised and understood. A good model should be simplistic and fundamental for better understanding but also intricate and complex to accurately display the process it was intended to convey [20] .
Although a cell-based model has recently been deemed a more comprehensive description of coagulation in the body than the cell-free cascade models [21] , this review will apply both the older cell-free model (showing the intrinsic, extrinsic and common pathway) as a simplified method to explain the involvement of TF, thrombin and calcium in the coagulation process as well as the more modern cell-based model to explain platelet involvement in blood clotting.
The vast amount of literature pertaining to the coagulation cascade model, including the factors involved, specific interaction and the regulation of the system amongst others, has been welldocumented [6-8, 13, 14, 22-55] . Figure 2 represents a summary of the factors involved in the coagulation cascade, with particular emphasis on the influence of TF, thrombin and calcium on the system. Figure 3 shows the cell-based model and the involvement of TF, thrombin and calcium on platelets during blood clotting.
The role of tissue factor and thrombin is well defined in both models explained in Figs. 2 and 3.
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Upon vascular injury/trauma factor VII is activated to VIIa 2 Factor VIIa binds to tissue factor exposed on vascular subendothelium 3 Activated platelets, collagen/high molecular weight kinninogen (HMWK) activates factor XII to XIIa 4
Factor XIIa, along with thrombin and calcium converts factor XI to Xia. 5 Factor Xia and calcium activate factor IX to Ixa. 6 Factor VIII is converted to VIIIa by thrombin. 7
Factor X is activated to Factor Xa by either intrinsic/extrinsic pathway and calcium. 7a
Extrinsic pathway: Factor VIIa-TF complex activates Xa. 7b
Intrinsic pathway: Factor Ixa-VIIIa complex activates Xa. 8
Thrombin converts factor V to activated Va 9
Xa-Va complex with calcium converts factor II (prothrombin) to thrombin (factor Iia). 10 Thrombin cleaves fibrinogen (factor I) to fibrin monomer (factor Ia).
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Factor XIII is activated to XIIIa by calcium. 12 Factor XIIIa promotes crosslink of fibrin polymers to form a stable fibrin network. The role of calcium in factor activation, on its own and in conjunction with thrombin, is also well established in the cascade model (Fig. 2) . However, it does not appear to play such an extensive role in the cell-based model (Fig. 3) since it only assists thrombin in the conversion of factor V to its activated form. The basic overview that diagrams 2 and 3 provide can only suffice as a summary. A more in-depth review of platelets and fibrin networks along with the effect of coagulation factors on blood clotting as a whole will now be discussed.
PLATELETS, FIBRIN NETWORKS AND CLOTTING FACTORS Platelets
Bone marrow megakaryocytes give rise to small fragments called platelets. Within these non-nucleated cells, a few mitochondria, glycogen and a complex membranous system can be differentiated along with three types of morphologically different granules. The α-granules, dense granules and lysosomes, each contain their own unique constituents essential for blood
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Initiation phase 1
On the tissue-factor bearing cell TF-factor VIIa complex converts factor IX to IXa 2
Tissue factor-factor VIIa complex converts factor X to Xa 3
Factor Xa combines with factor Va to convert factor II to Iia (thormbin) B Amplification phase 4 Thrombin converts factor V to Va in the presence of calcium 5
Thrombin assist the cleavage of factor VIII-vWF to VIIIa and free vWF 6
Factor XI is activated to XIa through thrombin action C Propagation phase 7
The resting platelet is activated 8
Factor IX is converted to IXa through action of factor XIa 9
Factor IXa combines with factor VIIIa to convert factor X to Xa 10 Factor Xa combines with Va and converts factor II to Iia (thrombin) clotting. Table 1 gives a summary of these constituents and their functions [56] [57] [58] . Platelets circulate in a quiescent state until injury to the endothelium triggers platelet activation and subsequent interaction of the activated platelets with neutrophils and monocytes [59, 60] . After platelet activation, they adhere to the site of injury and aggregate to form a platelet plug, also referred to as the primary haemostatic plug. This reduces and temporarily stems blood loss at the injury site. Platelet activation also causes platelet degranulation, where various proteins and molecules (the constituents listed in Table 1 ) are released that recruit additional platelets and assists in the process of tissue repair [61] .
Plasma proteins, especially von Willebrand factor, are essential for platelet adhesion. Von Willebrand factor acts as a bridge between the platelets and the injury site [62, 63] as it binds to specific receptors, namely glycogprotein Ib/ glycoprotein IX, on the surface of activated platelets as well as the subendothelium [64] . Similarly, fibrinogen also acts a platelet-platelet bridge as it binds to the surface receptors glycoprotein IIb/IIIa on adjoining activated platelets [65, 66] .
This linking of activated platelets results in platelet aggregation and subsequent platelet plug formation. These "bridge reactions" causes the exposure of phosphatidylserine, negatively charged phospholipids, on the activated platelet surface and damaged cell membrane.
Fibrin formation is triggered, and insoluble fibrin strands form a clot that reinforces the platelet plug [8] .
Thrombin-induced activation of platelets initiates degranulation, adhesion and aggregation of platelets resulting in thrombus formation [67] .
It is the increase in cytoplasmic Ca 2+ concentration that drives all the above-mentioned functions [68, 69] .
Platelets are thus essential for the formation of the primary haemostatic plug, a vital part of the initial stent of blood. Subsequently, a fibrin network needs to be produced to create the stable, secondary haemostatic plug essential for wound healing.
Fibrinogen and Fibrin
Fibrin formation marks the final step of blood coagulation. Fibrin strands act as a plug to seal the injury site and thus protects the damaged tissue while the wound heals [7] . A number of steps are involved in this closely controlled process of fibrin formation. The expansion and strength of a blood clot depends on the conversion of fibrinogen to fibrin. This is accomplished by the enzymatic action of thrombin. Fibrinogen, a large centrosymmetric glycoprotein with a high molecular mass of around 330 kDa, is a trinodular structure found in elevated levels of about 9 mM in the plasma [70, 71] . Fibrin monomers [72, 73] . The serine protease thrombin, formed on activated and adhering platelets at an injury site, cleaves fibrinogen molecules to yield the fibrin monomers fibrinopeptides A and B [70, 72] . Fibrinopeptide A serves as an early detection marker for fibrinogen-to-fibrin conversion [45] .
Fibrinopeptide cleavage results in "hole" formations. Corresponding "knobs" fit into the "holes", and in this way, fibrin monomers can assemble. The assembly of fibrin monomers has a half-staggered configuration and together form protofibrils. As the bundle protofibrils aggregate laterally, they form fibrin fibers. An insoluble fibrin gel is formed when the fibrin strands aggregate and form cross-links through the actions of thrombin-catalysed factor XIIIa [49, 70, 74, 75] .
While soluble fibrinogen essentially forms part of the coagulation system, it contributes to various other cellular processes. It operates as a signalling molecule and plays and essential role in the adhesion process necessary for transferring immune cells in the process of wound healing [76] . Along with fibrin, it also enhances angiogenesis, therefore stimulating tumour growth [50] .
The fibrin fiber network is considered to be an intricate, hierarchical biomaterial [77, 78] . Fibrin gels are considered as one of the most resilient natural polymers, since it can withstand strain (being shear or tensile) of up to 300 % [79, 80] . Upon deformation, fibrin gels become rigid and congeal. It is through this process that they become increasingly resistant to any further deformation [81] [82] [83] [84] [85] [86] .
Fibrin networks have also been shown to exhibit a unique set of mechanical properties such as extraordinary extensibility, non-linear elasticity or strain stiffening and negative normal stress [74, [78] [79] [80] [81] [82] [83] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] . The main focus of fibrin behaviour has been on macroscopic level. Only recently investigation into the molecular and fiber-level origins has come to the foreground [80, 82, 83, 92, 96] .
Thrombin is necessary for haemostatic clot formation since it converts fibrinogen to fibrin [97] . Thrombin concentration is particularly important since it influences both the thickness of the fibers as well as the density of the fibrin clot [98] . Thrombin, therefore, plays a vital role in blood clotting.
Tissue Factor
TF is an integral membrane protein found in the blood vessel wall. It primarily initiates physiological coagulation and can trigger arterial and venous thrombosis [99] . As TF binds to activated factor VII (VIIa), this enzymatically active complex transforms factors IX and X to their active forms (IXa and Xa, respectively) to trigger clot formation by means of thrombin generation [100] .
TF have been identified in the platelet membrane as well as the matrix of platelet α-granules. The stored TF is exposed on the surface of activated platelets [99] .
Calcium is needed for the conversion of factor IX to IXa as well as X to Xa. TF and calcium are, therefore, equally important for clot formation.
Calcium
Platelet function greatly depends on calcium ions. GP IIb/IIIa is a receptor for fibrinogen supports both platelet aggregation and adhesion [101, 102] . This integrin complex has a great affinity for binding to calcium ion (Ca 2+ ) at its five divalent cation binding sites [103, 104] . Platelet activation has been shown to increase the signalling of platelet Ca 2+ [105] . Calcium is essential for the conversion of several coagulation factors from their zymogen form to their activated state, including factor XIII. Activated factor XIII forms an integral part of normal blood coagulation since it catalyses the formation of covalent bridges between fibrin units resulting in increased elasticity of the fibrin network. Although thrombin and calcium have both been implicated in the activation of factor XIII, thrombin is only responsible for limited proteolysis, while calcium plays an essential role by unmasking buried cysteine essential for fibrin crosslinking [106] [107] [108] .
It facilitates the conversion of factor VII to factor VIIa [109] [110] [111] , factor VIII to VIIIa [112] , factor IX to IXa [113] and factor XIII to XIIIa [114, 115] . In the final steps of the coagulation pathway, two essential complexes are forme d, namely t he tenase complex a nd the prothrombinase complex. In the tenase complex, activated factor IX (Ixa) binds to factor VIIIa to activate factor X to Xa. In the prothrombinase complex, activated factor X (Xa) binds to factor Va to convert prothrombin to thrombin. Calcium plays an integral role in the activation of both these complexes, which ultimately lead to the production of thrombin [7] .
Calcium also plays a role in anti-coagulant action. In the presence of calcium, both factor Va [116, 117] and factor VIIIa [118] can be inactivated through the action of the vitamin K-dependent protein C and protein S [119] .
Thrombin
Thrombin is deemed the one of the important coagulation factors given that its action is central to clot formation. It is the final protease generated in blood coagulation upon activation of several coagulation factors [120] . Thrombin generation at injury sites in the vascular system results from a well-organised series of reactions collectively referred to as blood coagulation [8, 22, 23] . The protease thrombin has to be under strict regulation to ensure that blood clotting is not augmented to uncontrolled thrombosis [121] .
Thrombin has three main functions in the blood clotting process. Firstly, it is responsible for platelet activation. Thrombin is regarded as the most potent platelet agonist [122] . This is best explained by referring to the cell-based coagulation model (figure Y). Secondly, it is involved in the formation of fibrin. Fibrinogen is cleaved by thrombin to generate fibrin, as explained earlier. Lastly, thrombin is associated with the amplification of the coagulation feedback system. In the propagation phase of the cell-based model, the positive feedback from thrombin along with the activated platelets and coagulation factors results in the amplification of the prothrombin conversion to thrombin and ultimately fibrin formation.
Thrombosis, the over-activation of the blood coagulation system that causes blood clots, which can ultimately lead to occlusion of blood vessels, is caused by overgeneration of thrombin [52] . Tight regulation of thrombin generations, therefore, needs to be maintained to ensure normal blood flow.
Thrombin formation is dependent on the presence of calcium. Calcium serves as a cofactor for platelet activation and ultimately the formation of fibrin.
Platelets and fibrin along with certain factors of coagulation, therefore, play an essential role in normal blood clotting. These factors are also involved in inflammation.
BLOOD CLOTTING AND INFLAMMATION
As mentioned in the introductory paragraphs, there are a fundamental correlation between the inflammatory process and the coagulation cascade. The interactions are demonstrated in Fig. 4 .
The blood clotting process is set in motion either through the intrinsic or extrinsic pathway. The former is triggered mainly by platelet activation, while the latter is initiated by the exposure of tissue factor due to vascular trauma. Activation of coagulation factors, which ultimately result in thrombin production, requires calcium for their activation. Thrombin has a dual action in haemostasis; it assists in primary haemostatic plug formation by supporting platelet activation and aggregation, while, through conversion of fibrinogen to fibrin, it assists secondary plug formation leading to a stable fibrin network.
The anti-coagulant citrate is used in phlebotomy to effectively prevent blood clotting by decalcifying the drawn blood. Morphological analysis is a good approach to investigate coagulation factors and the correlation between coagulation and inflammation.
The focus of this section is to investigate the effect of tissue factor, calcium and thrombin on the platelets and fibrin network ultrastructure. By investigating the effects of the mentioned factors, individually or in combination with each other, on citrated blood will unlock supplementary information pertaining to blood clotting. Since a close correlation exist between inflammation and coagulation, the involvement of TF, calcium and thrombin in coagulation may correspond to inflammation. Both these processes may thus have a similar influence on platelet and fibrin network morphology owing to the mentioned coagulation factors.
Damage to tissue and cells can be cause by physical injury, infective pathogens or chemicals and other noxious stimuli. The body's immediate response to repair and protect is referred to as inflammation [123, 124] . Tissue injury results in acute phase inflammation. It is considered a short-term response associated with healing facilitated by increased blood flow along with vascular permeability accompanied by leukocyte infiltration to remove the stimulus and subsequent tissue repair [123] [124] [125] In contrast, a chronic inflammatory response is a drawn out and dysregulated process that is maladaptive in nature. It is also referred to as a subacute inflammatory response and involves specific immune responses to the pathogens present at a tissue injury site [123] [124] [125] . Both humeral and cellular factors are activated in this multifactoral defensive process [126] . Active inflammation is accompanied by tissue destruction associated with insufficient tissue repair. Several chronic diseases are associated with this persistent inflammatory process including atherosclerosis and cancer [123, 124] .
Inflammation is able to bring about thrombosis, and thrombosis in turn is capable of amplifying the inflammatory response [127] .
Platelets
Platelets form part of haemostasis, wound healing and inflammation [59, 60] . For an up-to-date summary of platelets in inflammation and thrombosis, specifically in atherosclerosis, see Gasparyan [128] .
Mean platelet volume (MPV) has been implicated as the link between inflammation and thrombosis, since high MPV is associated with both low-grade inflammatory conditions as well as an increased risk for thrombosis [129] .
The use of MPV has also been suggested in monitoring anti-inflammatory treatment of high-grade inflammatory diseases, predominantly rheumatoid arthritis [130, 131] .
Platelets have been shown to decisively influence the pathogenesis of numerous inflammatory diseases, vascular inflammation and atherogenesis in particular [132, 133] .
Hyperactive platelets play a pivotal role in the link between inflammation and coagulation as it can trigger local rheumatoid inflammation along with their interaction with other cells to target the vascular wall [134] .
The inflammatory response has an effect on platelet reaction. Platelet production is increased by certain inflammatory mediators, like interleukin (IL)-6. These platelets Blood clotting is activated by either the intrinsic pathway (through activated platelets) or extrinsic pathway (wich involves tissue factor). Coagulation factors, in the presence of Calcium, is activated to ultimately lead to the activation of thrombin. Thrombin assists in the activation and aggregation of platelets (primary haemostatic plug formation) and converts fibrinogen to fibrin (secondary haemostatic plug formation). When blood is drawn an anticoagulant is needed to prevent blood clotting. Citrate decalcifies the blood to prevent clotting. The effect of different coagulation factors on the morphology of citrated blood need to be investigated to provide insight into the correlation between coagulation and inflammation. We focus on the morphology of both platelets and fibrin networks after addition of tissue factor (1), calcium (2) and thrombin (3) to citrated blood, individually or in combination. It is known that inflammation influences the blood clotting process. Tissue factor, calcium, coagulation factors, thrombin, platelets and fibrin may be involved in inflammation (4), which will ultimately influence the morphology of platelets and fibrin networks. are more thrombogenic and show a greater thrombin sensitivity [135] .
Platelets also influence the inflammatory process. Elevated levels of the proinflammatory-mediator CD40 ligand are contained within platelets. CD40 ligand is released upon platelet activation. CD40 ligand not only induces the synthesis of TF [136, 137] but also amplifies inflammatory cytokine production, including IL-6 and IL-8 [138, 139] . Platelet secretion of chemokines and IL-1 initiates white cell activation and advance the adherence of neutrophils and monocytes [140] . P-selectin expressed on activated platelets increase neutrophil-platelet-endothelial cell interactions [141] . Platelet P-selectin, expressed as platelets adhere to the subendothelial matrix, interacts with P-selectin glycoprotein ligand-1 expressed on leukocytes. This promotes the rolling, adhesion and transmigration of leukocytes at the injury site [142] .
Platelets are also considered important amplifiers of acute inflammation through their particular interaction with neutrophils. This platelet-neutrophil interaction promotes the recruitment of additional neutrophils into inflammatory tissue. In adhering to damaged endothelial cells and monocytes, platelet also promotes the secondary capture of neutrophils and other leukocytes while it also secretes activators indirectly responsible for inflammatory cytokine production [56] .
Recently, it has been found that platelets do not only display pro-inflammatory properties. A single platelet receptor, platelet GP Ib-IX, can have a modulatory role in both the coagulation system and inflammatory response. It can be regard as a multifunctional contributor in haemostasis, thrombosis and inflammation. This emphasises the dynamic function of platelets in systemic inflammation [143] .
A variety of soluble factors are involved in both acute and chronic phase inflammation. These factors increase the expression of cellular adhesion molecules and assist in chemoattraction to recruit leukocytes to the target area [125] .
Pro-coagulants
Both coagulation and inflammation are instrumental for the identification, containment and destruction of invading pathogens and also restriction of the amount of tissue damage [144] . The inflammatory processes are closely associated with a number of blood coagulation factors [145] . When the innate immune response is activated by any infectious agent, blood coagulation is subsequently triggered [141] . Constituents of the blood coagulation process can influence inflammation in a constructive or destructive way by either amplifying or inhibiting the inflammatory processes [52, 146] .
It is, therefore, impossible to consider inflammation and coagulation as two separate processes. The inflammatory response initiates the activation of the coagulation system, and coagulation significantly influences the activity of the inflammatory process. Points of extensive crosstalk, therefore, exist between these two systems [147] .
Several articles explain the different aspects of the interplay between inflammation and coagulation [126, 141, 144, [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] . The following is a basic overview of where these two processes overlap.
The first point of overlap is the endothelium. Exposed surface proteins from damaged endothelium serve as a trigger for both the coagulation process as well as the inflammatory response. Cytokines released during inflammation is the second point of overlap. Cytokines released during the inflammatory process downregulate thrombomodulin expression and protein C activation while upregulating TF expression. In this way, inflammation modulate the coagulation system by altering procoagulant and anti-coagulant equilibrium. The third point of overlap is the production of thrombin by the coagulation cascade. It is well known that thrombin plays a vital role in promoting haemostasis. It also involved in the stimulation of various cell functions such as chemotaxis and mitogenesis. Both these processes are involved in lesion spreading and the process of tissue repair.
Anti-coagulants
Three major anti-coagulant pathways regulate the activation of the coagulation process. These include antithrombin, protein C pathway and TF pathway inhibitor (TFPI) [158] . Natural anti-coagulants do not only oppose the coagulation cascade. Firstly, anti-coagulant processes diminish leukocyte chemotaxis [159] . They suppress endothelial-cell interactions [160] as well as apoptosis [161, 162] . Anti-coagulant activity also reduces cytokine expression [163] [164] [165] . Therefore, anti-coagulant processes have a diminishing effect on inflammatory activity.
The natural anti-coagulant pathways can, however, be suppressed through inflammation-induced activation of the coagulation system [158] as an acute inflammatory reaction results in the consumption, proteolytic inactivation and downregulation of protein expression [141] . TF, calcium and thrombin, although essential coagulation factors, are also associated with inflammation.
Other Coagulation Factors
TF expression is upregulated during an inflammatory response and frequently results in a hypercoagulable state [166] . It plays an integral part in the coagulation-inflammation cycle. Coagulation resulting from TF expression provokes intracellular signalling, resulting in the release of coagulant mediators (incuding factors VIIa, Xa and IIa) and subsequent fibrin formation, which have a proinflammatory function. Inflammation in turn can increase the expression of TF, resulting in increased expression of the above-mentioned proinflammatory coagulant mediators and fibrin production. In this way, TF, by sustaining this coagulation-inflammation cycle, will result in an enormous inflammatory response [167] .
Calcium salts have been shown to induce biochemical changes similar to changes found in systemic inflammation [168] . Calcium has also been shown to modulate the expression of TF pro-coagulant activity on the cell surface [169] .
Activated thrombin is more than just a fibrin deposition initiator. It also activates a pro-inflammatory response. Thrombin mediates the expression of P-selectin on endothelial cells and platelets. P-selectin is essential for the interactions that ultimately join circulating granulocytes, monocytes and lymphocytes to the endothelium at the injury site [170, 171] . The thrombin-induced expression of P-selectin on endothelial cells not only supports white cell adherence but also promotes the cellular activation with capillaries [141] . Thrombin also sustains ongoing coagulation by initiating the production of endothelial IL-6 that promotes the expression of TF [52, 172] .
Blood clotting and inflammation are two intertwined processes-they have a distinct effect on each other. Although several biochemical investigations have revealed these interactions, a morphological investigation may shed more light on the subject.
FIBRIN AND PLATELET ANALYSIS
Citrate is an effective anti-coagulant and is used for blood collection on a regular basis. It prevents blood coagulation through its chelating action on calcium and other metal ions [173] . Citrated blood is a preferred method of investigating blood factors outside the body.
In viscoelastic or thrombelastographic analysis, citrated whole blood is recalcified with calcium chloride (CaCl 2 ) to determine clotting times for the extrinsic and intrinsic coagulation pathways as well as the time period of fibrinolysis after clot formation. The effect of different concentrations of TF on coagulation kinetics (initiation, propagation and final clot strength) in human plasma is determined [159] . These analyses demonstrated that an ionised calcium concentration between 1 and 2 mM in the presence of 2000 pM TF was optimal with regard to plateau of time of onset of clotting, velocity of clot formation and maintenance of final clot strength [159] . Thus, this concentration of TF was utilised in subsequently presented scanning electron microscopy (SEM) data and viscoelastic analysis.
Since TF and calcium concentrations are critical modulators of coagulation, with thrombin production as ultimate goal to form fibrin fibers, defining the effect of these modulators on platelet and fibrin network morphology is an important goal when investigating coagulation and inflammation.
Morphological Analysis
Citrated blood was used to prepare platelet and fibrin smear for SEM analysis. Blood was centrifuged at 1250 rpm for 10 min. The plasma supernatant was transferred to an Eppendorf tube and centrifuged for a further 4 min at 1250 rpm to obtain the supernatant platelet poor plasma (PPP) as well as the platelet-rich plasma (PRP) pellet. The supernatant PPP in the Eppendorf tube was used to make fibrin smears, while the PRP pellet obtained from centrifugation was washed twice with 0.075 M PBS and used to make plasma smears. Tissue factor and calcium [in the form of calcium chloride (CaCl 2 )] were added at concentrations used for TEG analysis, namely 2000 pg/ml and 0.2 M, respectively. Samples were incubated for 5 min at 37°C. The concentrations and combinations used for the incubation period and subsequent preparation of the smears on glass coverslip are indicated in the table (Table 2 ). The samples were subsequently prepared for SEM as previously described by Swanepoel and Pretorius [174] [175] [176] .
Platelets
Platelets, without the addition of any coagulation factor, appear spherical with pseudopodia and small open canalicular pores on their surface (Fig. 5a ). This is typical of healthy or resting platelets.
When CaCl 2 , on its own and in combination with TF and thrombin, is added as indicated in Table 2 , the platelets become activated (as shown in Fig. 5b-f) . Platelet activation is morphologically characterised by membrane blebbing (shown with the large black arrows in Fig. 5b and  c) , platelet spreading (as indicated in presence of all factors and combinations of factors; indicated with the large white arrows in Fig. 5b-f ) and extensive pseudopodia formation (in the presence of CaCl 2 and thrombin separately; shown with the small white arrows in Fig. 5b , e and f).
These findings indicate that platelets are overactivated by the addition of CaCl 2 , TF and thrombin. We have come to the conclusion that, when investigating platelet morphology in inflammatory diseases, it is best to use washed platelets without any additives. This will provide a clear representation of the pathology associated with the inflammatory condition, without the interference of exogenous stimulation.
Fibrin Networks
PPP from citrated blood cannot be activated on its own since PPP without coagulation factors only result in the dispersal of plasma droplets (Fig. 6a) . When CaCl 2 is added to PPP for 5 min, typical fibrin fibers are formed with fibrin fiber deposits in some areas associated with over-activation (Fig. 6b) . When PPP, incubated with CaCl 2 for 5 min, is subsequently exposed to TF, even more matted areas are produced (Fig. 6c ). Thrombin addition after CaCl 2 incubation has a similar effect (Fig. 6d) . Recalcification of PPP with CaCl 2 , and subsequent exposure to TF and thrombin, results in no typical fibers being formed, as the matted areas extend over the whole area (Fig. 6e) . By adding only thrombin to PPP, with no prior addition of calcium or TF, a typical fibrin network is formed (Fig. 6f) . CaCl 2 does not only influence the distribution of the fibers. CaCl 2 , in the presence of TF, causes the fibers to appear more coiled and bent (shown with white arrow in Fig. 7a ). In the presence of CaCl 2 and thrombin, the fibers have a spiral appearance (indicated with black arrow in Fig. 7b ) with thin fibers extending from the thicker fibers.
If citrate anticoagulation renders plasma essentially FXIII deficient secondary to hypocalcemia, then adding thrombin to such plasma will only show the results of thrombin-fibrinogen-fibrin interactions. If the thrombin activity is constant, then all changes in morphology must be fibrinogen (or modified fibrinogen) based.
From the morphological analysis, we can deduce that thrombin activation is the best way of investigating fibrin network morphology from citrated blood.
Viscoelastic Analysis
In an effort to further substantiate the claim that utilisation of citrated plasma exposed to thrombin is the optimal approach to assessing modifications of fibrinogen, a few illustrative experiments with viscoelastic methods were performed. In terms of experimental design, it is assumed that activated FXIII activity is calcium dependent [16, 177, 178] , and it is also known that FXIII-mediated cross-linking is responsible for nearly 70 % of the velocity of thrombus growth and strength [179, 180] . Normal pooled and FXIII-deficient plasma that was citrate anticoagulated (George King Bio-Medical, Overland Park, KS, USA) was exposed to various concentrations of thrombin (Enzyme Research Laboratories, South Bend, IN, USA) inside disposable plastic cups placed in a computer-controlled thrombelastographic system (Model 5000, Haemoscope Corp., Niles, IL, USA) as previously described [179, 180] . In brief, 330 μl of plasma was exposed to 30 μl of distilled water with the indicated final concentration of thrombin, with velocity of thrombus formation (maximum rate of thrombus generations, MRTG, dynes cm −2 s −1 ) and clot strength (total thrombus generation, TTG, dynes/cm 2 ) determined. To compare the kinetic effects of essentially no FXIII activity to normal FXIII activity, additional citrated plasma was exposed to tissue factor (10 μl, 0.1 % final concentration in distilled water (Diagnostica Stago S.A.S., Asnieres sur Seine, France) and calcium chloride (20 μl of 200 mM solution). All conditions were replicated three times, and data are represented as mean plus standard deviation.
As can be seen in Fig. 8 , MRTG increased in citrated plasma in a concentration-dependent manner, with little difference seen between 5 and 10 U/ml of thrombin noted. Similarly, in Fig. 9 , TTG values increased in the same manner with increasing thrombin activity. Importantly, tissue factor/calcium-exposed plasma demonstrated both MRTG and TTG values triple that of citrated plasma exposed only to thrombin. This confirms kinetically that addition of thrombin to citrate anti-coagulated plasma results in clot formation that is essentially free of FXIII activity.
To further present this concept visually, we present thrombus growth velocity curves of thrombin-exposed, citrated plasma, tissue factor/calcium-exposed plasma and tissue factor/calcium-exposed FXIII-deficient plasma in Fig. 10 . The peak velocities of growth (MRTG) are very similar between thrombin-exposed citrated plasma and FXIII-deficient plasma exposed to tissue factor/calcium. The areas under these two curves (TTG) are very similar as well. Finally, both MRTG and TTG are three times greater in citrated plasma exposed to tissue factor/calcium than the other two conditions. Taken as a whole, the most direct way to assess the contribution of fibrinogen modifications to coagulation kinetics is to utilise citrated plasma with thrombin addition. The viscoelastic analysis therefore confirms the findings of the morphological analysis.
MORPHOLOGY AND INFLAMMATORY DISEASE
Pretorius and collaborators have investigated the effect of disease on the morphology of fibrin networks and platelets. These diseases include diabetes, thromboembolic ischaemic stroke, rheumatoid arthritis, hereditary hemochromatosis, cigarette smoking, systemic lupus erythematosus and asthma. Each of these exhibited alterations to morphology of platelets and fibrin networks. In addition, it is well known that inflammation is associated with each of these diseased states. See Table 3 for references to the morphological studies of each disease mentioned and studies referring to their association with inflammation. Figures 11 and 12 show platelets and fibrin networks from different inflammatory disease particularly diabetes, stroke, rheumatoid arthritis and lupus. The materials and methods used to prepare the platelets and fibrin networks from these inflammatory diseases for SEM are described in detail in the following articles [181, 183, 185, 186, 195] .
Platelets show membrane blebbing, pseudopodia formation and spreading similar to activated platelets shown in Fig. 5 (platelets are indicated with white arrows in Fig. 11a-d) . Thick matted deposits are also visible in the plasma smear, although no coagulation factors were added to the plasma (indicated with black arrows in Fig. 12a-d) . Activation of plasma with thrombin showed additional activation of the fibrin network since extensive thick matted deposits with very few typical fibers are exhibited (Fig. 12a-d ), which correlate with the morphological changes seen in Fig. 6 .
Over-activation of the coagulation system through TF, CaCl 2 and thrombin thus show similarities to the morphological changes in platelet and fibrin network ultrastructure seen in inflammatory disease.
CONCLUSION
A great amount of research has been done on the coagulation system and the properties of its associated pathophysiology, specifically on the biochemical front. The close interrelated biochemistry of coagulation and inflammation, especially concerning alterations in the coagulation factors, is well documented, although morphological methodologies have not been given much attention.
Tissue factor, calcium and thrombin, which all play an integral role in the coagulation cascade, have been implicated in the inflammatory response. The addition of concentrations of TF and calcium shown via coagulation kinetics to provide maximal values may "over-activate" samples, making differentiation of platelet or fibrin specific changes difficult to detect. When platelet morphology is investigated, washed platelets need to be prepared without addition of any other products of coagulation factors to ensure accurate results when disease is investigated. Induced platelet activation through the addition of TF, CaCl 2 or thrombin will mask disease-induced platelet alterations associated with activation. Thrombin is one of the fundamental coagulation factors not only responsible for fibrin formation but also for feedback to the rest of the cascade. The exclusive addition of thrombin optimises the ability to assess fibrin network formation with ultrastructural analysis.
The morphological changes associated with overactivation of the coagulation system after addition of the mentioned coagulation factors is similar to the alterations observed in inflammatory diseases. Platelet activation and thick matted fibrin deposits seen in diseases like rheumatoid arthritis strongly indicate that inflammation induces coagulation. Ultrastructural analysis of platelets and fibrin networks are essential in understanding the aetiology of inflammatory disease. Blood is transported throughout the body. The over-activated state observed in the mentioned inflammatory diseases is thus present throughout the whole body. These morphological alterations discussed can be viewed as the "beginning of the end". The use of ultrastructural methodologies like scanning electron microscopy should, therefore, form a vital part in investigation of disease. By studying the morphology of platelets and fibrin networks, specific drug targets and treatment plans along with focus for further research can be justified.
The intricate connection between coagulation and inflammation makes morphological analysis an essential tool for future research.
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